Neuronal mitochondrial morphology abnormalities occur in models of familial amyotrophic lateral sclerosis (ALS) associated with SOD1 and TDP43 mutations. These abnormalities have been linked to mitochondrial axonal transport defects, but the temporal and spatial relationship between mitochondrial morphology and transport alterations in these two distinct genetic forms of ALS has not been investigated in vivo. To address this question, we crossed SOD1 (wild-type SOD1
INTRODUCTION
Numerous lines of evidence indicate that mitochondrial dysfunction is involved in amyotrophic lateral sclerosis (ALS). Biochemical and morphological mitochondrial abnormalities have been observed in patients affected by sporadic ALS or familial ALS (FALS), as well as in cell culture and animal models of FALS (reviewed in 1,2). In transgenic mouse models of FALS associated with mutant SOD1 (3), mitochondrial dysfunction and abnormal mitochondrial morphology in the nervous system arise early on in the course of the disease (4 -10), suggesting that these alterations may be predisposing motor neurons to degenerate. Furthermore, in mutant TDP43 transgenic mice, abnormal clustering of mitochondria has been described in the cell bodies of spinal cord motor neurons (11, 12) . Mutant or wild-type TDP43 overexpression in cultured motor neurons induced mitochondrial morphology and transport abnormalities, similar to those found in mutant SOD1 mice (13) , although such abnormalities have not been examined in vivo.
Mitochondrial transport and morphology defects in ALS motor neurons were first demonstrated in cultured primary neurons (14) (15) (16) (17) . However, the ex vivo systems have several intrinsic limitations. First, the embryonic neurons investigated may not be fully representative of the adult disease conditions. * Second, the fundamental effects of the tissue environment, which are especially relevant in non-cell autonomous diseases, such as ALS (18) , cannot be fully assessed using purified motor neuron cultures. And third, the energy requirements of the different regions of the motor neurons are likely to be very different in vivo than in the culture dish, where the environment is artificially controlled. Recent work has shown mitochondrial transport (19, 20) or mitochondrial morphological changes (10) in the motor axons of mutant SOD1 mice. Here, we performed an in vivo comparative correlation between the changes in mitochondrial transport and morphology, in two distinct mouse models of FALS, SOD1 and TDP43 mutants.
Using high-resolution in vivo imaging, we studied mitochondrial transport and morphology in the intact sciatic nerves of FALS mouse models at different time points during disease course; we also analyzed mitochondrial morphology and distribution in proximal and terminal segments of motor axons and at the neuromuscular junction (NMJ). To take on these spatiotemporal studies, we crossed SOD1 (SOD1 WT , SOD1 G93A ) and TDP43 A315T mice to a new transgenic mouse expressing a fluorescent protein targeted to mitochondria (mitoDendra) in neurons.
Our data demonstrated that axonal mitochondrial transport was affected early on in the disease, before the onset of symptoms, in the sciatic nerves of both FALS mice. Therefore, mitochondrial abnormalities in neurons not only occur in vivo but they are also common pathological denominators in FALS and may participate to disease pathogenesis. Although SOD1 and TDP43 mutant mice shared several features of mitochondrial transport and morphology alterations, which were not observed in SOD1
WT mice and mitoDendra controls, they differed in the temporal and spatial characteristics of these abnormalities, suggesting that the underlying mechanisms may vary in the different genetic forms of ALS.
RESULTS

MitoDendra-FALS double transgenic mice
To study mitochondrial morphology and dynamics in the nervous system in vivo, we generated a transgenic mouse with targeted expression of Dendra fluorescent protein to mitochondria (mitoDendra), under the control of the neuronal-specific Thy1.2 promoter (21). MitoDendra allows for direct imaging of mitochondria in living neurons (16) .
The mitoDendra line, generated and maintained in the B6SJLF1 background, was crossed with the SOD1 WT and SOD1 G93A mice, in the same genetic background. The double transgenic mitoDendra-SOD1 G93A mice had an average age of onset (hindlimb clasping) at 106.7 days (+17.3 days, n ¼ 14 mice) and an average survival of 140.7 days (+16.2 days, n ¼ 18). The double transgenic mitoDendra-SOD1
WT did not display any disease phenotype up to 2 years of age. TDP43 A315T mice were backcrossed to get a congenic B6SJLF1 line. The double transgenic mitoDendra-TDP43 A315T mice presented the symptoms originally described in the TDP43 A315T parental mice, which were in a mixed C57Bl6xCBA background (22) . While in the published report, the average ages at disease onset and survival were 120 days and 155 days, respectively (22) , in the mitoDendra-TDP43 A315T mice disease in the B6SJLF1 background onset occurred at 126.9 + 30.4 days (n ¼ 20 mice) and survival at 205.2 + 72.3 days (n ¼ 32). The cause of death was neurogenic intestinal occlusion, followed by necrosis, as described previously (23) .
Mitochondrial axonal transport abnormalities in FALS mice
We investigated mitochondrial axonal transport in the surgically exposed, intact, sciatic nerve of living mitoDendra-FALS mice and mitoDendra littermate controls, at different time points (15, 45 and 90 days of age). Mitochondrial movements were visually tracked for the duration of the live recording (a representative example is shown in Supplementary Material, Movie S1) in consecutive frames captured every 5 s, as shown in Figure 1A . We assessed the frequency of mitochondrial movement (i.e. the percentage of mobile mitochondria) in each direction (i.e. anterograde or retrograde), in the sciatic nerve axons for the time frame of the experiment (6 min). At 45 days of age, 22.5 + 5.1% of axonal mitochondria were mobile (n ¼ 39 axons, data not shown), similar to primary motor neuron cultures (16) , and slightly higher than in nerve-muscle explants (24) .
In SOD1 G93A or SOD1 WT mice at 15 days of age, there was no evidence of mitochondrial transport impairment, compared with mitoDendra littermate controls (data not shown). However, at 45 days of age, there was a significant reduction in the frequency of mitochondrial movement in SOD1 G93A mice (Fig. 1B ) compared with mitoDendra littermate controls (representative examples shown in Supplementary Material, Movies S1 and S2). Mitochondrial motility was further reduced at 90 days (Fig. 1B) . When direction of movement was analyzed, we found a decrease in the proportion of retrograde moving mitochondria in SOD1 G93A mice at 45 days (Fig. 1C) ; no significant differences were detected in the anterograde transport. By day 90, when SOD1 G93A mice approached the symptomatic disease stage, the proportion of moving mitochondria was significantly reduced in both anterograde and retrograde directions (Fig. 1D) . The proportion of moving mitochondria was unaffected in SOD1
WT mice, at both 45 and 90 days of age ( Fig. 1C and D) .
Mitochondrial movement showed a trend toward a decrease in TDP43 A315T mice at 45 days of age, compared with littermate controls (representative example shown in Supplementary Material, Movie S3), although this decrease did not reach statistical significance (P ¼ 0.056 by Student's t-test; Fig. 1B) . However, at 90 days, the frequency of mitochondrial movement was significantly reduced (Fig. 1B) . The proportion of retrograde moving mitochondria was also significantly reduced at 45 days of age, when compared with controls (Fig. 1E ). Similar to SOD1 G93A mice, TDP43 A315T mice at 90 days of age displayed a decrease in both anterograde and retrograde mitochondrial transport (Fig. 1F) .
Together, these results indicate that neuronal mitochondrial transport is progressively affected in all ALS mouse models tested and that retrograde transport is affected earlier than anterograde transport.
Mitochondrial morphology and clustering abnormalities in the sciatic nerve of FALS mice
To investigate how transport abnormalities correlated with abnormal mitochondrial morphology and distribution in neurons, we analyzed sciatic nerves of mitoDendra-FALS mice at different time points (Fig. 2A) .
The average length of mitochondria in the sciatic nerve of SOD1 G93A mice, but not of SOD1 WT mice, was decreased at 15 days of age, relative to mitoDendra controls (Fig. 2B) . By 45 days of age, there was a further reduction in mitochondrial length in SOD1 G93A mice. The size reduction became even more pronounced by 90 days of age in SOD1 G93A mice (Fig. 2B) , suggesting a progressive pathological phenotype that worsened in parallel to transport abnormalities. No mitochondrial length abnormalities were detected in the sciatic nerves of TDP43 A315T mice at 45 days of age (Fig. 2C ), A315T . In all panels, * * P , 0.01 by Student's t-test, versus mitoDendra controls. Error bars represent the SEM. In (B) and (C), values are expressed as mean percentage + SEM of mitoDendra controls. despite transport defects being already apparent (Fig. 1E) . However, mitochondrial length was significantly reduced at 90 days of age (Fig. 2C) .
In both SOD1 G93A and TDP43 A315T , but not SOD1 WT or controls, we observed the presence of mitochondrial clustering and abnormal looking mitochondria, along the sciatic nerve axons ( Fig. 2D and E) . Both clusters and abnormal mitochondria, however, showed distinct features of structure and appearance in SOD1
G93A and TDP43 A315T mice. Swollen mitochondria were identified in SOD1 G93A (Fig. 2D , left panel), whereas mitochondria 'doughnuts' and rounded mitochondria tightly associated in beads-on-string structures were observed in TDP43 A315T (Fig. 2E , left panels). In SOD1 G93A , we observed clustering of otherwise normal looking mitochondria (Fig. 2D , right panel), whereas in TDP43 A315T mitochondria were massively accumulating in grape-like structures (Fig. 2E , right panel). When measured as number of axonal segments in which abnormal mitochondrial clustering was observed, these abnormalities were only significantly increased in FALS mice at 90 days of age, but not at 45 days ( Fig. 2F and G).
These results, together with the data of mitochondrial transport, indicate that the sequence of events involving mitochondrial abnormalities in vivo is different in the sciatic nerves of SOD1 G93A and TDP43 A315T at early disease stages. In TDP43 A315T , defects in retrograde transport precede mitochondrial fragmentation and are followed by anterograde transport defects and mitochondrial abnormal clustering; in SOD1 G93A , the timing of the retrograde transport defects follows the early fragmentation of mitochondria. In both mouse models, the appearance of anterograde transport defects correlates with the presence of mitochondrial clusters at a more advanced disease stage.
Morphology defects in mobile mitochondria
Early mitochondrial morphology abnormalities in the sciatic nerve of SOD1 G93A mice were followed by retrograde transport defects; however, mitochondrial morphology was affected in TDP43 A315T mice only after the frequency of retrograde axonal transport was reduced. In order to gain insights into the relationship between motility and morphological abnormalities in these two FALS models, we determined the length of mobile mitochondria in the sciatic nerves of SOD1 G93A and TDP43 A315T mice at 45 days of age. The length of both stationary and mobile mitochondria was significantly reduced in SOD1 G93A mice, when compared with mitoDendra controls (Fig. 3A) . Conversely, only mobile, and not stationary, mitochondria in TDP43 A315T were significantly smaller than controls (Fig. 3B) .
When lengths of mitochondria moving in the anterograde and retrograde directions were analyzed, we identified a reduction in the size of retrograde-moving mitochondria in the sciatic nerves of 45 days old SOD1 G93A mice, but not in mitochondria moving in the anterograde direction (Fig. 3C) . Interestingly, anterograde-moving mitochondria were significantly smaller in the sciatic nerves of TDP43 A315T mice, while the difference did not reach statistical significance for retrogrademoving mitochondria (P ¼ 0.0938 by Student's t-test; Fig. 3D ), despite the lack of mitochondrial morphology abnormalities at 45 days (Fig. 2C) .
These results indicate that in SOD1
G93A , but not in TDP43 A315T mice, defects of retrograde mitochondrial transport correlate well with mitochondrial fragmentation and suggest that fragmented mitochondria in the sciatic nerve may originate in distal regions of the axon. The lack of similarities with TDP43 A315T mice implies potential differences in the underlying molecular mechanisms of mitochondrial abnormalities in the two FALS models.
Mitochondrial morphology abnormalities are absent in the ventral roots of FALS mice
The sciatic nerve contains both motor and sensory axons, but only motor neurons are primary targets of the disease. In order to assess mitochondrial morphology abnormalities in vivo specifically in motor neurons, we analyzed the most proximal segments of the motor axons in the ventral roots of mitoDendra-FALS mice (Fig. 4A ). At 90 days of age, when morphological and transport abnormalities are evident in the sciatic nerve, we did not observe changes in mitochondrial length or presence of clusters in the motor axons of SOD1 G93A and TDP43 A315T mice (Fig. 4B , bottom panels). Quantitative analysis of the length of mitochondria in the ventral roots of these mice demonstrated a lack of abnormalities in motor axons of both SOD1 G93A ( Fig. 4C ) and TDP43 A315T mice (Fig. 4D ), compared with mitoDendra littermate controls.
We also analyzed the dorsal roots, which contain exclusively sensory neurons (Fig. 4A) , which are not affected by the disease, in the same mice at 90 days of age. We observed neither morphological nor mitochondrial distribution changes in the FALS mice (Fig. 4B, top panels) . As expected, quantitative analysis of mitochondrial morphology confirmed that there were no differences in the length of mitochondria in SOD1 G93A (Fig. 4E ) or TDP43 A315T mice (Fig. 4F ), when compared with controls.
Mitochondrial morphology and distribution alterations in the axon terminals and NMJs of FALS motor neurons
We then studied mitochondria in the most distal motor nerve segments, namely the nerve terminals and the NMJs, which degenerate early in the course of ALS (25, 26) . Although muscles from FALS mice show different degrees of paralysis, they all have a characteristic denervation phenotype (27) . Neck muscles, such as trapezius, are similarly denervated as other disease relevant muscles, such as leg muscles (25, 28) . Flat muscles of the neck allow for easy detection of large numbers of NMJs. Therefore, we labeled motor axons and axon terminals from mitoDendra-FALS trapezius with antibodies against neurofilament 200 (NF200) and synaptophysin, while we identified NMJs by staining with fluorescent a-bungarotoxin (BTX) (Fig. 5A ).
In the axonal terminals, we measured mitochondrial length and density (i.e. occupancy of mitochondria relative to the total area of the axonal segment). The average mitochondrial length was significantly reduced in motor terminals of SOD1 G93A mice at 15 and 45 days of age, but not in SOD1
WT and TDP43 A315T , in comparison with littermate controls (Fig. 5B and C) . At 90 days of age, mitochondrial length was decreased in both SOD1
G93A and TDP43 A315T mice (Fig. 5B  and C) .
No changes were observed in mitochondrial density at the motor axon terminals at 15 days of age, while there was a statistically significant decrease in SOD1 G93A mice at 45 and 90 days of age, when compared with controls (Fig. 5D ), indicating that there was a depletion of mitochondria from the nerve terminal. On the other hand, mitochondrial density at the motor axon terminal was significantly increased in TDP43 A315T mice at 90 days of age (Fig. 5E) , indicating an accumulation of mitochondria at the nerve terminals.
At the NMJs, where mitochondria are tightly packed and boundaries of individual organelles cannot be defined, we assessed mitochondrial density (i.e. % of occupancy of mitochondria over the total area of the NMJ; Fig. 5A ). To focus on earlier events, preceding the complete degeneration of the NMJ, we analyzed motor terminals that ended into innervated NMJs, as previously defined (27) . Mitochondrial density at the NMJ was significantly decreased in the SOD1 G93A mice by 90 days of age, but not at 45 days (Fig. 5F ). There was no mitochondrial depletion at any time point analyzed in TDP43 A315T and SOD1 WT mice ( Fig. 5F and G) . These results indicate that in SOD1 G93A mice, early fragmentation of mitochondria in the motor axon terminals is followed by a depletion of mitochondria in motor terminals and NMJs, by the time denervation becomes apparent (25) . On the other hand, in
TDP43
A315T mice, mitochondria appear normal but tend to accumulate in the distal portion of TDP43 A315T motor axons.
DISCUSSION
Previous work indicated that embryonic mutant SOD1 motor neurons in culture contained morphologically abnormal mitochondria and displayed altered axonal transport of mitochondria (16) . Our work and others' have correlated these changes with the evidence that mutant SOD1 causes axonal shortening of cultured motor neurons (15, 16, 29, 30) . Undoubtedly, the in vitro system has value, because it allows for manipulations that are not feasible in vivo, but it also has intrinsic limitations. One crucial difference in studying neuronal mitochondrial dynamics in vitro and in vivo is the presence of myelination in vivo, which is likely to greatly affect mitochondrial distribution and motility, especially in the large axons of the major motor nerves (31) . In addition, in vivo systems allow for the investigation of the progressive nature of mitochondrial transport abnormalities in longitudinal studies in their natural tissue context, where different cell types are represented, such as astroglia and microglia. Despite the advantages of the in vivo system, the investigation of mitochondrial changes in adult animal models of FALS has so far been largely limited to bioenergetics and molecular biology approaches.
Recent studies have addressed mitochondrial morphology or axonal transport in vivo, confirming that abnormalities are detectable in mutant SOD1 mice (10, 19, 20) . Here, we sought to perform a broader analysis of neuronal mitochondrial changes, in young and adult mice, across different disease stages, in two distinct genetic models of FALS. We have investigated both transport and morphology of mitochondria at different axonal sites, from the axonal emergence (proximal segments) to the NMJ (distal segments). To our knowledge, this is the most extensive analysis of its kind, which has generated intriguing observations. To investigate the transport and morphology of mitochondria in vivo, we have generated the mitoDendra mice, which can be also utilized in the future to study mitochondrial fusion, by taking advantage of the photo-conversion properties of mitoDendra (16, 32) . Our mitoDendra mouse differs from the recently described PhAM mouse because constitutive mitoDendra neuronal expression is achieved through the Thy1.2 promoter, instead of being conditionally expressed through Cre recombinase (33) . We have focused on pre-symptomatic disease stages in the genetic models of FALS to avoid the potential confounding effects of advanced neurodegeneration on the mitochondrial phenotype. Transport and morphological analyses were performed as early as 15 days of age. This was the earliest time that we could study, but still relevant to disease, since mitochondrial morphological abnormalities have been observed very early on in mutant SOD1 mice (9, 34) . The latest time point used for SOD1 G93A and TDP43 A315T mice (90 days of age) preceded the onset of overt motor impairment, although muscle denervation is known to occur at this age (25) . Therefore, the study spanned different disease stages, but did not include the advanced symptomatic stages to avoid the extreme changes affecting terminally degenerated motor neurons.
It needs to be noted that the sciatic nerve is a convenient site for imaging mitochondrial transport in living mice, but it contains both motor and sensory axons. The Thy1.2 promoter used for the generation of the mitoDendra transgenic mouse does not allow for the distinction of the two types of neurons in the sciatic nerve. However, this genetic approach has the advantage of allowing the direct study of mitochondria from both motor and sensory neurons in the same mouse. When comparing mitochondrial morphology in other axonal segments, such as the roots and motor axon terminals (Figs 4 and 5) , in both SOD1 G93A and TDP43 A315T mice, abnormal mitochondria were absent in sensory and motor roots, but were found in the motor axon terminals. These findings were in agreement with our observations in vitro, where mitochondrial abnormalities were only identified in distal segments of motor neurons (16) .
A previous study of mitochondrial transport in the motor neuron axons of SOD1 transgenic mice evidenced abnormalities arising early on in the course of the disease (20) . However, in that work, the results were interpreted as a lack of correlation between mitochondrial abnormalities and disease pathogenesis, because of two observations. First, transport abnormalities were found late in the life span of SOD1 WT mice. Here, we did not observe morphological or transport abnormalities in mitochondria from SOD1 WT mice at the time when SOD1 G93A mice presented overt defects. Nevertheless, it is known that overexpression of SOD1
WT can ultimately cause neurodegeneration and mitochondrial defects at advanced age, likely because SOD1
WT can also misfold and aggregate when expressed several folds above normal levels (35) . Therefore, although SOD1
WT mice do not develop disease in their life span, they have CNS pathology.
Second, Marinkovic et al. (20) did not detect mitochondrial transport abnormalities in SOD1 G85R mice, until very late, a few days before the mice died. In both SOD1
G93A and TDP43 A315T mice, we detected transport alterations at early disease stages. We did not perform a time course study in the SOD1 G85R mice, because they have an atypical phenotype, whereby they are asymptomatic for a long time (10 -12 months) and then develop massive protein aggregation in spinal cord neurons, muscle denervation and fatal paralysis within a few weeks.
Overall, we are convinced that the observations derived from our work and others' are consistent with a pathogenic role of mitochondrial transport abnormalities in neurons in SOD1 FALS mouse models.
In TDP43 mice, the occurrence of muscle denervation is not well characterized, although likely to occur at late time points (36) . Denervation studies in TDP43 A315T mice have been difficult because these mice tend to die of ALS-unrelated causes, such as intestinal occlusion (23), before they have time to develop extensive muscle denervation. We observed a prominent clustering effect in the sciatic nerves of TDP43 A315T mice. Clustering has also been reported in the neuronal somas of TDP43 WT overexpressing mice (11, 12) . Furthermore, TDP43 overexpression in cultured motor neurons induced mitochondrial morphology and transport abnormalities (13) .
Based on the observations from this study, it could be hypothesized that the sequence of pathological events in SOD1 G93A motor neurons involves early fragmentation of mitochondria in the sciatic nerve (Fig. 2B ) and in distal segments of the motor axons (Fig. 5B) , possibly caused by mitochondrial damage (37) . These changes in mitochondrial morphology in motor terminals are to our knowledge the earliest abnormalities observed in SOD1 G93A motor neurons. They not only precede axonal degeneration and NMJ loss, but also activation of WT mouse. Axons were labeled with NF200 and synaptophysin (in blue), and NMJs identified by fluorescent a-bungarotoxin (BTX, in red). The masks of the axonal labeling (dotted area) and NMJ area were obtained in an unbiased manner, and used to determine the occupancy of mitochondria in the motor axon terminal and synapse, respectively. Scale bar, 20 mm. Detail of mitochondria in the motor terminal; note the tightly packed mitochondria network in the NMJ. Scale bar, 5 mm. A315T . * P , 0.05 and * * P , 0.01 by Student's t-test, versus mitoDendra controls. Error bars represent the SEM. astrocytes and microglia in the spinal cord. Although non-cell autonomous effects on motor neuron mitochondria cannot be completely excluded, even in the absence of glial activation, our findings suggest that early mitochondrial abnormalities in motor neurons could be a trigger rather than a target of the degenerative process in SOD1 G93A mice. Thus, mitochondrial abnormalities may activate quality control degradation pathways in distal regions, which could explain the distal depletion of mitochondria ( Fig. 5D and F) and the alteration of mitochondrial axonal transport (Fig. 1B) at later stages of the disease. The impairment of mitochondrial distribution to synapses may result in energy deprivation and failure to buffer Ca 2+ in response to neuronal depolarization around synaptic regions, and therefore may contribute to the early denervation process (38) due to bioenergetic failure at the synapse.
Altered mitochondrial transport, which initially affects retrograde moving mitochondria and later also affects anterograde movement (Fig. 1C and D) , may also contribute to the fragmentation and abnormal distribution of mitochondria along motor axons and in the NMJs when SOD1 G93A mice approached the symptomatic disease stage (Figs 2 and 5) . Indeed, perturbations in retrograde axonal transport result in progressive motor neuron degeneration in vivo (39) . Axonal mitochondrial clusters (Fig. 2F) , which had also been found in vivo using immunocytochemistry (30) , may follow altered axonal transport.
In TDP43 A315T mice, on the other hand, the earliest mitochondrial defect we could detect was not fragmentation but reduced retrograde axonal transport (Fig. 1E) . It is currently unknown whether TDP43
A315T causes alterations on mitochondrial bioenergetics, a question that needs further analysis. Early defects in mitochondrial retrograde transport may be responsible for an imbalance in mitochondrial distribution along the motor axons, such as the accumulation of mitochondria in the motor axon terminals because of defective mobilization of mitochondria (Fig. 5E) , and mitochondrial fragmentation (Figs 2C and 5C). The observed accumulation of mitochondria near the NMJs of TDP43 A315T mice differs from what was previously described in TDP43
WT mice, where mitochondria were depleted (12) ; this conflicting data points to potential differences in the mitochondrial transport mechanisms in the two TDP43 transgenic models. Finally, defects in anterograde-moving mitochondria at later stages (Fig. 1F ) may also contribute to the overall defects on mitochondria morphology and distribution (Figs 2 and 5).
Since both mutant SOD1 (40) and TDP43 (13) have been found in association with the mitochondrial outer membrane, it is plausible that they may interfere with the proper interactions between mitochondria and the axonal transport machinery. Mitochondrial retrograde transport was affected earlier than anterograde transport in both SOD1
G93A and TDP43 A315T mice (Fig. 1) , suggesting that these mutant proteins may interact with the retrograde transport machinery directly, as shown in mutant SOD1 mice (41) , although such potential interactions have not been investigated in TDP43 mice.
In conclusion, these studies provide a first comparative in vivo analysis of mitochondrial dynamics, morphology and distribution in the nervous system of mice expressing mutant SOD1 and TDP43. A new mitoDendra mouse was used to image mitochondria in intact peripheral nerves of living mice. The results shown here demonstrate that mitochondrial transport abnormalities are a common denominator in the two different genetic models of FALS. Similarities are recorded in the transport defects and the morphological and distribution changes. However, differences among the genetic forms are also evident, especially regarding the spatio-temporal pattern of appearance, suggesting that different molecular mechanisms may be involved. Although further studies will be needed to better understand these mechanisms, the early onset of mitochondrial abnormalities in vivo suggests that they are involved in the pathogenic process, especially in distal segments of the axons and the NMJ, which are primary disease targets in ALS.
MATERIALS AND METHODS
Generation of Thy1.2-mitoDendra transgenic mice
MitoDendra cDNA (16) was cloned into the SalI-XhoI sites of the Thy1.2 promoter (a kind gift from Dr Frank LaFerla). The transgene was injected into fertilized hybrid B6SJLF1 eggs at the Weill Medical College Transgenic Core facilities. Screening of the transgenic founders was performed by Southern blot analysis of tail DNA and confirmed by PCR. Ten identified genetically positive founders (named TM, followed by the founder number) were subsequently bred with B6SJLF1/J mice (The Jackson Laboratory). All studies in this work were performed using mitoDendra line TM57.
FALS mouse models
We used the strains B6SJL-Tg(SOD1 * G93A)1Gur/J, B6SJL-Tg(SOD1)2Gur/J and B6;CB-Tg(Prnp-TARDBP * A315T) 95Balo/J for SOD1 G93A , SOD1 WT and TDP43 A315T transgenic mice, respectively (all three strains were from The Jackson Laboratory). TDP43
A315T mice originally obtained were in a mixed background. Therefore, they were brought to a congenic B6SJLF1 genetic background by backcrossing them with B6SJLF1 breeders. SOD1 and TDP43 males were bred to mitoDendra female mice. The resulting double transgenic mice mitoDendra-SOD1
WT , mitoDendra-SOD1 G93A , mitoDendra-TDP43 A315T and corresponding mitoDendra non-SOD1 and non-TDP43 littermates were identified by genotyping using PCR analyses of tail DNA. All experiments were approved by the Weill Cornell Medical College Institutional Animal Care and Use Committee. Principles of laboratory animal care (NIH publication No. 86-23, revised 1985) were followed, as well as specific national laws (e.g. the current version of the German Law on the Protection of Animals), where applicable.
The criterion for determining disease onset was the development of abnormal hind-limb extension (clasping). The criterion for survival was the inability of the mouse to right itself, when placed on its side (loss of righting reflex).
In vivo live-imaging
Mice were anesthetized with ketamine (87 mg/kg IP) and xylazine (13 mg/kg IP) and immobilized onto a platform. With the help of a binocular dissecting microscope, a small surgical incision was made in the thigh to expose the sciatic nerve. Caution was taken to avoid any bleeding or damaging of the surrounding tissue. The surgical cavity was filled with artificial CSF solution (in mM: NaCl 117, KCl 4.7, CaCl 2 2.5, MgCl 2 1.2, NaHCO 3 25, NaH 2 PO 4 1.2 and glucose 11 at pH 7.4).
Images of mitoDendra fluorescent mitochondria were taken with a Bio-Rad Radiance 2000 confocal microscope, using 1.5 mW 488-nm laser intensity, a 60× water immersion objective (N.A. 1.0; with 2× zoom) and a pinhole of 5.4 AU. Stacks of four z-sections were taken at 1.5 mm intervals, every 5 s, for 6 min. Images were 8-bit color.
Analysis of mitochondrial transport
Mitochondrial transport was analyzed in movies that resulted from merged z-sections (using best focus projection) after a low pass filter was applied. The total number of mitochondria was counted for each axonal segment in a given field. Mitochondria were defined as mobile if they changed their position in at least three consecutive frames (16) . For each analyzed axon, the number of mobile mitochondria was assessed for the entire duration of the movie (6 min) and data were plotted as a percentage of the total number of mitochondria. Directions of transport were referred to as anterograde or retrograde to describe mitochondria moving toward the motor axon terminals or the spinal cord, respectively.
Tissue processing and staining
For immunohistochemistry analyses, deeply anesthetized mice were perfused transcardially with ice-cold PBS followed by 4% paraformaldehyde in PBS. Spinal cord, sciatic nerves and trapezius muscles were harvested. Nervous tissues were cryoprotected in 30% sucrose, and muscles were stored in PBS at 48C. Cryosections were obtained from the lumbar region of the spinal cord (20 mm thick) and the sciatic nerves (10 mm thick).
Muscles were stained with standard immunohistochemistry protocols to label motor axons, using antibodies against neurofilament 200 (NF200, Sigma) and synaptophysin (Chemicon). Briefly, muscles were incubated in blocking buffer (5% NGS, 2.5% BSA, 1% Triton X-100 in PBS) overnight, followed by a second incubation with primary antibodies (in blocking buffer). Specimens were then washed in PBS for 12 h, and then incubated with secondary fluorescent antibodies (in blocking buffer), overnight. All steps were carried out at 48C. Cy5-conjugated secondary antibodies (Jackson ImmunoResearch) were used. Post-synaptic acetylcholine receptors were detected with tetramethylrhodamine-labeled a-bungarotoxin (BTX; Invitrogen).
Mitochondrial morphology and density analysis
Images from fixed specimens were collected in a Leica TCS SP5 Confocal Microscope (Leica Microsystems), using the following lenses for various applications: a 10× dry, a 40× oil and a 63× oil immersion, with NA 0.30, 1.25 and 1.4, respectively. A standard pinhole of 1 AU and optical intervals of 1 mm (4 mm for 10× lens) were used. When required, a 5× zoom was applied and optical intervals of 0.5 mm used. For each tissue analyzed (sciatic, spinal cord, muscle), at least three fields containing several axons were imaged randomly. Metamorph software (Universal Imaging) was used for quantitative analysis of mitochondrial morphology measurements, as previously described (15) . Mitochondrial clustering was defined as the accumulation of several mitoDendra-labeled mitochondria, which could be distinguished as being individual mitochondrial units, but assembled in irregularly shaped structures (not tubular) of more than 2 mm thick and 5 mm long (15) . Distribution of clusters was expressed as the number of clusters per 50 mm of axonal segments.
For quantitative analysis of mitochondrial density at nerve terminals and NMJs, z-sections were merged (using maximal projection) and the threshold was set to at least twice the background fluorescence. The density of mitochondria at the nerve terminal was measured by the occupancy (% of thresholded area) of mitochondria within a 30-100 mm long axonal segment (identified by immunolabeling with synaptophysin and NF200 antibodies). For the analysis at the NMJs, mitochondrial density was measured by the percentage of the area of NMJ (defined by postsynaptic labeling with fluorescent BTX) overlapping green fluorescent mitochondria (% of co-localization of red over green fluorescence).
Statistical analysis
Statistical comparisons of mitoDendra-FALS with mitoDendra littermate controls were made by Student's two-tailed, unpaired t-test. A P-value of ,0.05 was considered significant. Results were expressed as the mean + SE. The number of samples corresponds to the number of studied axons or NMJs, from three or more mice per each genotype and at each time point.
